Nanotwinned ultrafine grained Ag thick films with different twin densities and orientations have been synthesized by magnetron sputtering with a wide-range of deposition rates. The twin boundary (TB) spacings and orientations as well as the grain size for the different deposition conditions have been characterized by both synchrotron X-ray scattering and transmission electron microscopy (TEM). Structural characterization combined with uniaxial tensile tests of the free-standing films reveals a large increase in the yield strength for films deposited at high deposition rates without any accompanying change in the TB spacing -a behavior that is not reported in the literature. We find that films deposited at lower deposition rates exhibit more randomly oriented grains with a lower overall twin density (averaged over all the grains) than the more heavily twinned grains with strong 〈1 1 1〉 fiber texture in the films deposited at higher deposition rates. The TB spacing in the twinned grains, however, does not show any significant dependence on the deposition rate. The dependence of the strength and ductility on the twin density and orientations can be described by two different soft deformation modes: (1) untwinned grains and (2) nanowinned grains that are not oriented with 〈1 1 1〉 along the growth direction. The untwinned grains provide relatively low resistance to slip, and thus decreased strength, while the nanotwinned grains that are not oriented with 〈1 1 1〉 along the growth direction are softer than nanotwinned grains that are oriented with 〈1 1 1〉 along the growth direction. We have revealed that an ultrafine-grained (150-200 nm) structure consisting of a mixture of nanotwinned (∼8-12 nm spacing) and untwined grains yields the best combination of high strength and uniform tensile ductility.
INTRODUCTION
Nanotwinned (nt) materials [1] [2] [3] [4] [5] have attracted considerable attention in recent years as an extension of work on nanocrystalline metals and alloys [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . While nanocrystalline materials exhibit significantly improved mechanical properties over materials with more conventionally-scaled microstructures, they suffer from a number of challenges, including poor coarsening resistance and elevated electrical resistance [24] [25] [26] . Nanotwinned materials provide strength gains similar to those of their nanograined counterparts, but potentially with better coarsening resistance and improved electrical conductivity. The origins of the mechanical properties of nanotwinned materials, however, are not completely understood. Much has been learned about the effects of grain size on deformation. Strengthening of metals via the confinement of dislocations by grain boundaries can be described empirically by the HallPetch (H-P) relationship, = + −1 2 ⁄
where  y is the yield strength,  o is related to the lattice friction, k y is a constant and d is the grain size. This relationship has proven reliable over many orders of magnitude of the grain size, from the tens of microns down to nanocrystalline materials with grain sizes approaching 10-20 nm [27] [28] [29] [30] . For smaller grain sizes, however, there is evidence from experiments and simulations that the H-P relationship breaks down, and there can be apparently "inverse H-P relationship" i.e., softening with decreasing grain size [31] [32] [33] [34] [35] [36] .
For face-centered cubic (fcc) metals that contain {111} coherent twin boundaries (CTB), the classic HallPetch equation in Eq.
(1) has been modified to include the contribution of twins, which are now the smallest structural feature in the material. In this case, the revised H-P equation is:(9)
where t is the average twin boundary spacing. For nt-Cu prepared by electrodeposition, Lu et. al reported that the tensile yield strength can be well-described by the H-P relationship in Eq. (2) down to a TB spacing of ~ 17 nm, at which point the films exhibit softening behavior 14 . Interestingly, nt-Cu films prepared by magnetron sputtering 6, 7, 12, 19, 37 appear to show lower yield strengths than films prepared by electrodeposition for TB spacings down to ~ 15nm, but no softening with decreasing TB spacing. A key difference between the two findings is that the films prepared by sputtering have strong <111> fiber textures and columnar grains, while the electrodeposited materials have mostly equiaxed nt-grains with more random orientations albeit still with a <111> fiber texture. The strength of the films with columnar grains has been described in the context of the confined layer slip (CLS) model, which was initially developed to describe plastic deformation in multi-layer films 38 . Since the coherent TBs are predominantly parallel to the loading axis, according to the CLS model the yield strength should show a 1/t dependence 19, 39 .
Beyond size-dependent strengthening effects, texturing in polycrystalline materials is also known to strongly affect the strength of materials. For polycrystalline metals, the aggregate of grain orientations can be represented by the Taylor factor (M) 40 , where, =
For fcc metals with random grain orientations, the average value for M is 3.1, but ranges from 2.5 to 3.67 for materials with 100% <100> texture and 100% <111> texture, respectively 41 . Given the strong texturing often associated with films prepared by magnetron sputtering, the effects of the different grain orientations on the strengthening behavior need to be considered.
Although nanotwinned metals are known to have the ability to achieve both high strength and high ductility, the experimental demonstration of such a behavior has been limited to nt-Cu prepared by electrodeposition with random grain orientations
14
, where a minimum grain size of 500 nm is considered prerequisite in order to avoid the longstanding strength-ductility tradeoff enigma in nanostructured materials 42, 43 . An outstanding question remains whether both strength and ductility can be achieved when the grain size decreases below 500 nm as twin boundaries act as the main strengthening agents. There are existing challenges to investigate and subsequently optimize the strength-ductility of nt-metals in this grain size region (i.e., 100-500 nm). First, a large quantity of the data in the literature for ultrafine-grained materials has shown an early necking behavior and low uniform tensile elongation (<~2%) when the grain size is only a couple of hundred nanometers 42 . Second, to optimize the strength and ductility, a wide range of processing parameters is required in order to fabricate materials with different twin densities and grain sizes. Third, it is difficult to address the ductility issue through molecular dynamics (MD) 44 , and thus experimental exploration of this behavior is essential. Lastly, there are a limited number of metals (e.g., copper, silver, and palladium), which form high-density growth twins during synthesis. Therefore, the material-of-choice for such study is very limited.
In this paper, the contributions of different strengthening mechanisms in nt-Ag films, e.g., grain size, twin density (averaged over all the grains) and orientation effects as well as their dependence on the processing conditions are examined. Specifically, we report on the strengthening associated with changing the TB density and orientation in free-standing nt-Ag films prepared by magnetron sputtering. Using a wide-range of deposition rates onto LN 2 -cooled substrates, we are able to synthesize thick films (> 35 m) in which the average grain size can be tailored from 150 to 300 nm and the twin density varied for a constant TB spacing. Moreover, the relative orientations of the grains (and hence the twins) can be controlled, with the highest deposition rates yielding films with highly {111} textured columnar grains and the lowest deposition rates providing films with much more randomly oriented grains relative to the growth direction. From these films, we have determined the important interdependence between the deposition conditions, the twin density, twin orientations and the bulk mechanical behavior. For the first time, we achieve high strength and high ductility in a set of ultrafine-grained (150-200 nm) nt-Ag samples.
EXPERIMENTAL METHODS
Ag films were deposited onto <100> oriented Si wafers using magnetron sputtering. Three 50 mm diameter Ag targets were arranged in a confocal geometry to sputter onto the 152 mm diameter substrate, which was rotated at 15 revolutions per minute and cooled with liquid nitrogen, except where noted. The distance from the sputtering targets to the center of the substrate is 120 mm. For all of the sputtering runs, the base pressure was < 5 x 10 -8 torr and the working pressure was 5 mtorr. The three sputtering guns were operated at 100, 175 and 300 W for the different deposition runs. For convenience, we will identify films by the respective gun powers at which they were sputtered (100, 175, 300 W). Due to the confocal geometry of the sputtering guns, a gradient of deposition rates develops across the radius of the substrate. These deposition rates were determined by measuring the film thickness (using micrometer) and dividing it by the deposition time. Figure 1 (a) shows a schematic of the positions where samples were harvested for structural characterization and tensile testing. The sample positions are denoted by concentric circles (C1, C2, C3 and C4) of increasing radii from the center of the film that correspond to different deposition rates for a given sputtering power. Specifically, C1, C2, C3 and C4 correspond to radii of 10, 25, 40 and 55 mm, respectively, from the center of the substrate. For description purpose, we denote samples according to their deposition power and location as "x W C y " (where x=100, 175, 300 and y=1, 2, 3, 4).
The as-deposited structures of the Ag films were examined using synchrotron X-ray scattering experiments performed at Sector 6-IDD of the Advanced Photon Source at Argonne National Laboratory. The experiments were performed in transmission mode with 100 keV (0.1234 Å) X-rays that were focused to a beam size of 70 x 100 m 2 . The X-ray exposures were collected using a GE amorphous Si detector (200 x 200 mm 2 pixel size) positioned at 1434.6 mm from the samples. The camera length was determined by fitting the pattern of SRM Si powder using Fit2D software 45 . The scattering geometry coupled with the high-energy X-rays corresponds to scattering from planes that are essentially parallel to the film growth direction (in-plane scattering). Figure 1(b) shows a schematic of the sample geometry and the diffracting planes that are examined in the synchrotron experiments.
The average twin boundary spacing and grain sizes and orientations of the samples were measured using an FEI Tecnai G 2 F20-XT transmission electron microscopy (TEM) and electron backscatter diffraction (EBSD) imaging. The TEM was performed on cross-sectional samples of the films that were prepared by wedge-polishing followed by dual-ion beam milling. The inverse pole figures were determined by EBSD on the top (free-side) of the films using a JEOL JAMP-7830F field-emission-gun scanning-electron microscope (FEG-SEM) equipped with EDAX detector and TSL OIM data acquisition system.
The mechanical behavior of the films was examined by testing the free-standing films in uniaxial tension at a constant strain rate of ̇ = 1 x 10 -4 s -1
. Dog-bone shaped samples (3 mm width x 6 mm gage length) were cut from the films using a die and a razorblade to avoid any surface artifacts associated with electro-discharge machining (EDM). Previous experiments have shown that EDM could cause grain coarsening in nanocrystalline materials 46 . The samples were tested in a Zwicki Z2.5 tester equipped with a non-contact laser extensometer to measure the strain. A minimum of 3 samples were tested for each deposition rate to obtain representative statistics.
RESULTS AND DISCUSSION
3.1. Relationship of synthesis conditions to film structure.
The deposition rates of our films depend on the substrate location and the gun power. For any given gun power, films located in C1 (closest to the radial center) have the highest deposition rates, and those in C4 (closest to the edge) have the lowest. For any substrate location, the highest gun power produces the highest deposition rate. Our processing conditions therefore produce a range of deposition rates from 5.4 nm/s (for the C1 location at 300 W gun power) to 1.5 nm/s (for the C4 location at 100 W). The rates for all substrate positions and gun powers are shown in Figure 2 . Within the range of conditions that we have used, similar deposition rates can be obtained at different gun powers, as seen in Figure 2 . Figure 3 shows typical cross-sectional TEM images of the central thickness regions of three different ntAg films taken from substrate position C1, deposited at rates of 1.5, 3.2 and 5.4 nm/s (obtained using gun powers of 100, 175 and 300 W, respectively, as shown in Fig. 2) . All of the films exhibit a highdensity of nanotwins within sub-micron columnar grains. The {111} coherent boundaries of the nanotwins lie essentially perpendicular to the growth direction (i.e., parallel to substrate surface).
As discussed above, the TEM images shown in Figure 3 were taken from the center thickness of the deposited films, however, the high deposition rates and active cooling of the substrates produces a nucleation layer of fine, equiaxed, randomly oriented grains, ~1 m thick, adjacent to the substrate. Beyond this nucleation layer, different structures can develop. Figure 4 shows cross-sectional TEM images for the C1 position of the 300 W film (5.4 nm/s) near the substrate interface and in the middle of the film thickness. The column width increases slightly from the bottom to the top of the film, increasing by a factor between 2 and 3 from bottom to top, while the average spacing between the nanotwins is essentially constant from the bottom to the top of the film. Therefore, since the TB spacing is not a function of distance from the film surfaces, and the grain size does not show a large dependence on this parameter, we have defined the overall structures of the respective films by the grain sizes and twin thicknesses observed in the middle of the films.
The variation of average grain size (measured as column width) and TB spacing with deposition rate are shown in shown in Figure 5 (a) and (b), respectively. In Figure 5 (a), the grain size of the films shows a clear increase with increasing deposition rate before plateauing for rates above 4 nm/s, but the twin boundary spacing does not vary significantly as deposition rates change, though, as discussed below, they show variations between positions of the sample on the substrate. The most noticeable differences between films deposited at different rates are the size, shape and orientation of the columnar grains. For the high deposition rate film (5.4 nm/s) the grains are very columnar (i.e., elongated along the growth direction in which the length is larger than the width) in nature with a strong <111> texture, which means the vast majority of TBs are aligned normal to the growth direction and parallel to the plane of the film. In contrast, the lower deposition rate films (1.5 nm/s) exhibit a wider distribution of grain shapes and sizes that are more randomly oriented.
Although the TB spacing does not vary with deposition rate, we do observe variations according to substrate position (i.e., C1 vs. C4), as shown in Figure 5 (b). Recall, the deposition rate is higher at the C1 position than the C4 positon for a fixed gun power, but the deposition rate at the C4 position for a higher gun power will be higher than the deposition rate at the C1 position at a lower gun power (see Figure 2 ). To investigate if cooling rate differences across the wafer were the source of the different TB spacings, we sputtered one film at 300 W without any active LN 2 cooling. The average TB spacing at the C1 position for this film was ~8 nm, similar to the measurement for the films deposited on Si wafers that were actively cooled. The difference in TB spacing as function of wafer position therefore appears to be due to the geometry of the sputtering cathodes relative to the substrate. While sputtering is not a "line of sight" process; the flux is dependent on the alignment of the cathodes. In our configuration, the cathodes are in a confocal arrangement directed at the center of the substrate, and thus the C4 position on the substrate is outside the highest flux region. The difference in the incident angle of the deposited flux is the likely cause for the variation in the average twin boundary spacing.
To quantify the variations in the grain orientations with deposition rate, we performed synchrotron Xray diffraction experiments at the Advanced Photon Source. X-ray exposures were collected for specimens taken from differing substrate radii for the 100, 175 and 300 W samples, which correspond to the deposition rates shown in Figure 2 . Since the diffracted intensity is collected on an area detector, inplane diffraction from 0 to 2π of azimuth can be collected, covering all angles between the tensile and transverse directions of the tensile test specimens. For the texture analysis, we are only reporting data for the planes normal to the loading axis, although all the in-plane orientations have been measured. Nanotwinned fcc metal films deposited by magnetron sputtering are typically found to exhibit columnar grains with a strong <111> out-of-plane (or "fiber") texture 12, 16, 26, 37, 47, 48 . For fcc metals, the two major peaks with a sufficiently strong structure factor to produce detectable diffraction peaks in this geometry are {220} and {211}. Therefore, strong <111> out-of-plane texture should correspond to strong {110} inplane texture with a minimal amount of {111} planes oriented in-plane. With this in mind, the ratio of the scattered intensity of the {220} peak to the {111} peak (normalized to random texture), as in Γ = 
can be used as a simplified form of the Harris texture index 49 , to quantify the intensity of the preferred <111> out-of-plane texture. Figure 6 shows the measured in-plane texture parameter as a function of deposition rate for the films deposited at 100, 175 and 300 W. For the films deposited at 100 and 175W, the texture parameter increases slightly from C4 to C1, however, for the 300 W film, there is a very large jump in the texture parameter between positions C4 and C1. At this high overall deposition rate, the increase in deposition rate between C4 to C1 (from 4.4 to 5.4 nm/s) leads to a large increase in the <110> in-plane texturing, and thus, the <111> out-of-plane texturing.
Tensile behavior of nanotwinned films
The structure (e.g., grain size and morphology) of the Ag films exhibits a clear dependence on the deposition rate, allowing us to correlate the tensile behavior of the films with their structure. Dog-bone shaped samples for tensile testing were harvested from the free-standing films so that the growth direction was normal to the tensile axis [see Figure 1 ) stress-strain curves for the C1 circles (nearest the center) for the films deposited with deposition rates of 1.8, 3.2 and 5.4 nm/s (100, 175 and 300 W, respectively) are shown in Figure 7 . The yield strength increases with increasing deposition rate, while the uniform tensile ductility declines. Representative fracture surfaces for the samples deposited at 1.8 and 5.4 nm/s are shown in Figure 8 (a) and (b), respectively. The lower deposition rate sample (1.8 nm/s) films shows a relatively smooth fracture surface that is characteristic of shear, while the higher deposition rate film (5.4 nm/s) exhibits a faceted fracture surface that is typically associated with more brittle intergranular fracture. The stress-strain curves show that the 100 W C1 (1.8 nm/s) sample does indeed show lower strength, but high tensile ductility compared to the strong, but relatively brittle, 300 W C1 (5.4 nm/s) sample. A summary of the tensile properties of the different films is provided in Table 1 .
The relationships between the yield strength and the structure of these films yield several insights into the controlling mechanisms. Figure 4 . TEM cross-section from (a)bottom of film at substrate interface and (b) top of film corresponding to free-side for C1 position of film deposited at 300 W (5.4 nm/s). Figure 5 shows that the TB spacing is essentially independent of the deposition rate while the grain size increases with increasing deposition rate. The 100 W C1 sample deposited at a rate of 1.8 nm/s ( y = 266 MPa), corresponding to a TB spacing and grain size of 8 nm and 150 nm, respectively, while the average TB spacing and grain size for the 300 W C1 sample deposited at 5.4 nm/s ( y = 510 MPa) are 8 nm and 290 nm, respectively. Since the TB spacing does not show systematic dependence on the deposition rate, the increasing tensile strength for films deposited at higher rates cannot be described in the context of H-P or CLS strengthening. Furthermore, with the grain size and the strength increasing with increasing deposition rate, the mechanical behavior is contrary to H-P strengthening. Therefore, the strengthening exhibited by the films deposited at higher rates must be ascribed to other factors beyond size effects.
Our TEM observations showed that both the grain morphology (columnar or equiaxed) and grain orientations (and thus, TB orientations) are also dependent on the rate at which the films are deposited. Since the average TB spacing measurements are based on imaging conditions in which the TBs are visible, it is important to examine the overall TB densities of the different samples. As seen in Figure 3 , the films deposited at low rates exhibit a mix of columnar grains with an average TB spacing that is approximately the same as that of the grains in the films deposited at high rates, along with smaller grains that do not show any obvious TBs. Closer examination of these smaller grains reveals that, unlike the heavily twinned columnar grains that exhibit {110} in-plane orientations, the smaller grains exhibit more random in-plane orientations. Figure 9 shows a cross-sectional TEM image of a C1 sample for a film deposited at 100W (1.8 nm/s). The grain circled and marked "A" does not exhibit any obvious nanotwins, while the circled grain marked "B" is columnar in nature with numerous nanotwins Obviously TBs could be oriented at angles outside of the tilt conditions we examined, however, our experiments suggest that the TB densities are lower in the films deposited at lower rates. These results suggest that columnar grains oriented <111> parallel to the growth direction are most likely to form nanotwins, while the smaller, more randomly oriented grains are less likely to form growth twins during deposition. Assuming this relationship is true for the Ag films, the strength of the films should be dependent on the density of <111> oriented columnar grains, which directly affects the twin density. The grains that do not contain growth twins should act as "soft grains" since they do not provide as great of resistance to dislocation motion, and thus, allow for easier slip.
The deposition rate dependence of the twin density is consistent with the thermodynamic model of growth twin formation in 330 SS/Cu multilayers that Zhang et al. 20 have proposed in which the critical nucleation radii for a perfect nuclei and a growth twin can be expressed according to:
in which  is the surface energy, k is Boltzmann's constant, T is the substrate temperature,  is the atomic volume, J is the deposition flux, m is the atomic mass of the deposited material, P s is the vapor pressure of the condensed film,  t is the twin boundary energy and h is the nuclei height, assumed to be the (111) interplanar spacing. In this model, minimizing the difference between * and * promotes the formation of growth twins during deposition. For fixed stacking fault energy, the parameter that can be most readily adjusted is the deposition rate, J, which should decrease * and, thus, promote nanotwin formation. This behavior is consistent with our experimental observations showing that higher deposition rates lead to higher twin densities by promoting more grains to form growth twins (instead of the decrease of twin spacings). It is important to note that this is simply a thermodynamic model that does not account for other factors such as growth stresses, but it does seem to be qualitatively consistent with our experimental observations.
Texture Effects on Deformation Behavior
As shown in Figure 6 , the in-plane orientation of the grains in the Ag films is highly dependent on the deposition rate, especially at higher overall rates, as seen in samples deposited at 300W. Figure 10 (a) and (b) show the tensile yield stress and the maximum uniform tensile strain, respectively, as a function of the measured in-plane texture parameter,  From this data, we can divide the strength-ductility behavior into two regions. Region I corresponds to relatively modest in-plane and out-of-plane texturingwhere the strength shows a distinct increase with small changes in the texture, while the uniform ductility exhibits a corresponding decrease. The enhanced strength at the expense of uniform tensile ductility can be attributed to increasing TB density with higher deposition rates. The average TB spacing in the grains is not changing with increasing deposition rate (and thus, increasing texture parameter), but instead more grains are forming growth twins during deposition. For films deposited at higher rates, the TB density becomes saturated and the orientation of the grains (TBs) dominates the mechanical behavior. In region II (> 5) the texture parameter exhibits a large increase, which corresponds to a maximum in the yield stress and a marked decrease in the tensile ductility.
The texture parameter is a measure of the predominance of grains oriented with {111} planes normal to the growth direction and parallel to the loading axis. The twin boundaries in these films are predominantly coherent twin boundaries, parallel to the set of {111} planes closest to the film plane, so the texture parameter is also a measure of the strength of alignment of the twins to the tensile axis. Figure 10 (a) thus indicates that the more the twin boundaries are parallel to the loading axis, the higher the tensile flow stress. To confirm this observation, EBSD patterns of the planar surfaces for samples deposited at 3.2 nm/s (175 W C1 position) and 5.4 nm/s (300 W C1 position) were taken, Figure 11 (a) and (b), respectively. The EBSD pattern for the low deposition rate sample shows many more randomly oriented grains than the high deposition rate sample, which is strongly <111> textured. The higher degree of <111> texturing for high rate deposition is in good agreement with the synchrotron XRD measurements, which also shows that higher deposition rates correspond to much more <111> out-ofplane texturing in the films than do low deposition rates. It is important to note that just because a grain is not oriented <111> parallel to the growth direction does not mean it will not have growth twins present. In fact, for lower deposition grains, nanotwins can be seen in grains imaged in the planar orientation. Moreover, Bufford and coworkers found that a high density of nanotwins could be achieved in Ag films deposited epitaxially on <110> oriented Si wafers 50 . Our findings do show, however, that the twin density appears to be highest when the grains have predominantly <111> orientation parallel to the growth direction.
The effect on the yield strength of twin orientation relative to the loading axis has been examined experimentally as well as by crystal plasticity models and MD simulations ( . Although previous work does not take into account the grain orientation effects and thus is not directly comparable with the texture parameter measured in our work, the earlier results provide a point of comparison to our findings. You et al. have found that nt-Cu with a columnar structure exhibits H-P strengthening when the TBs are normal to the loading axis (t -1/2 ) but the strengthening is best described in the context of the confined layer slip model (t) when the TBs are oriented parallel to the loading axis, as they are, predominantly, in our experiments. Furthermore, they used modeling to predict that materials with TBs oriented parallel to the loading axis are stronger than materials with TBs oriented 45 o or normal to the loading axis 19, 39 . Defining the orientation of the TBs relative to the loading axis is relatively straightforward for modeling methods, but is much less easily defined and always subject to more or less broad distributions in experiments like ours. Using EBSD, You et al. found the <111> out-of-plane texture in their columnar nt-Cu films to be ~6x greater than that of a randomly textured sample, however, their images also show a distinct presence of twins oriented normal to the tensile axis 19 . Quantification of the inverse pole figure maps corresponding to Figure 11 (a) and (b) show that films deposited at 1.5 nm/s (100 W C1) and 5.4 nm/s (300 W C1) exhibit out-of-plane <111> texturing ~6x and ~10x greater than random, respectively. This is consistent with the in-plane texture parameters measured by synchrotron XRD, which show a significant difference between the two samples. Moreover, a particularly large increase in the strengthening occurs between 5-10x "random inplane texture" (determined by XRD), but it is not possible to relate this measure of twin orientation to a particular twin inclination angle. Furthermore, it is not simple to characterize the twin densities for the samples, since the in situ XRD shows that a distinct fraction of grains for the different samples will be oriented such that the TBs cannot be readily seen in the cross-sectional view. Therefore, the presence (or absence) of TBs in every grain is difficult to be confirmed. . For twin boundaries normal to the loading axis, the dislocations intersected and were trapped by the TBs, which was a hardest mode of deformation with increased strength. For TBs oriented parallel to the loading axis, threading dislocations were pinned between the adjacent TBs; this less hard mode of deformation was analogous to the CLS model. In contrast to above hard modes, the TBs inclined to the loading axis at an angle of 45° exhibited easy slip with much lower hardness, which they called a soft deformation mode. Our results for nt-Ag are consistent with the modeling results to the extent that the more textured (i.e., TBs parallel to loading axis) samples exhibit higher strength. Additional key differences for the films we studies include clearly more {111} oriented grains and the soft deformation modes should be divided into 1) twinned and 2) untwinned grains that are not oriented <111> parallel to growth direction. As discussed above, for low deposition rates, some equiaxed, more randomly oriented grains do not have any obvious growth twins, which should allow for easy slip compared to the nanotwinned grains. For higher deposition rates, there are still some morerandomly oriented grains, but they are more likely to contain growth twins. These type of grains would be softer than the <111> oriented columnar twinned grains, but stronger than the untwinned grains.
Optimization of strength and ductility for nanotwinned Ag in ultrafine-grained region
Based upon our synthetic studies, it is difficult to separate out the grain orientation, twin density and orientation effects on the strengthen and ductility. As discussed above, however, the <111> texturing in Region I does not change significantly with increasing deposition rate, but the film strength (and ductility) does. High strengths in nanocrystalline and nanotwinned metals can be readily achieved by decreasing the grain size or twin boundary spacing, however maintaining ductility is much more difficult. Large work hardening is necessary to suppress flow softening and promote uniform tensile ductility in nanostructured materials. For nt-Cu films, the work hardening behavior is strongly dependent on both the TB spacing and the grain size 52, 53 . Lu et al., have reported that equiaxed Cu films with TB spacings below 100 nm exhibit minimal hardening when the average grain size approaches ~ 1 m 53 . Furthermore, they reported the lack of strain hardening, and thus, uniform tensile ductility is decreased for nt-Cu films with columnar grains 52, 53 . For Region I of Figure 10 (a) and (b) , the average TB spacing is < 15 nm for all of the samples and the average grain size ranges from 150-200 nm. This combination of very small TB spacing and grain sizes would be consistent with poor work hardening, i.e., low uniform tensile ductility, however, there is not a precipitous decrease in tensile ductility with increasing deposition rate for the samples shown in Region I of Figure 10(b) . Figure 12 shows a comparison of the strength-ductility of our nt-Ag samples with the limited tensile data available in the literature for nanostructured Ag. The measured tensile yield stress as a function of uniform ductility for nt-Ag films (grain size 600 -1000 nm 23 and 150-350 nm, present work) and UFG-Ag 54,55 processed by equal channel angle pressing (ECAP) and asymmetric rolling (ASR) with grain sizes ranging from 200-300 nm are shown. First, when the texture parameter, , is less than 5 [i.e., Region I in Figure 10 (a) and (b)] the nt-Ag samples show a large uniform tensile ductility (>6.0%) with a strength increases of ~28% (from 256 MPa to 327 MPa) as the deposition rate increases from 1.5 to 3.2 nm/s. This sharp increase in strength without much sacrifice of uniform tensile ductility is likely attributed to the increased twin density due to the increased percentage of twinned grains. Second, as the texture parameter becomes larger than 5, we observe a sharp drop of the uniform tensile ductility to below ~3% despite the further increased strength. This clear loss of tensile ductility is coincident with the development of strong columnar ultrafine-grains. As illustrated in Figure 12 , all the nt-Ag samples deposited at 2.6-3.2 nm/s rate exhibit a best combination of strength and ductility. This behavior is in contrast with that of most ultrafine-grained materials, which show a uniform tensile ductility of less than 2% when the grain size is between 150-200 nm 56 . We note that high strength and high ductility has been achieved in nt-Cu with decreasing twin spacing but at much larger grain sizes (~500 nm). Our work here indicates that such high strength and high ductility can be achieved in much smaller grain sizes by controlling the percentage of twinned grains. Indeed such heterogeneous or hierarchical grain structured materials with growth or deformation twins have been a subject of current research 57 .
To better understand this combined strength and ductility, we compared the strain hardening for samples from the three different regions Figure 12 . The work hardening behavior for a sample can be quantified by plotting the work hardening rate ( = d/d) vs. the increase in the flow stress (- y ). This method is based on the Kocks-Mecking model 58, 59 , where
 o is a constant related to the dislocation storage and K is the slope of the linear part of the curve, which is a dynamic recovery parameter that is a measure of the thermally activated stain softening. Figure 13 , shows the work hardening rate as function of the reduced true stress for the nt-Ag samples deposited at 1.8 nm/s (100 W C1), 3.2 nm/s (175 W C1) and 5.4 nm/s (300 W C1). Recall, that the samples deposited at 175 W exhibit the best combination of high strength and ductility in Figure 12 .
From the fitted K values of 68, 179 and 340 for the 100, 175 and 300 W samples, respectively, it is clear that the strain softening behavior for the nt-Ag samples is relatively high compared to coarse grained Ag. The high strain softening can be attributed to the columnar nature of the grains in which the TBs are parallel to the tensile loading axis. In this geometry, plasticity occurs via threading dislocations between the TBs, which results in much lower work hardening than dislocation transmission across TBs. The measured texture parameter of the films Figure 6 shows that the columnar nature of the grains increases significantly for the films sputtered at 300W, which corresponds to the very high K value of 340. The samples sputtered at 100 and 175 W exhibit much smaller texture parameters, which are consistent with less columnar structures. This is reflected in the smaller K values and the larger measured uniform ductility. Interestingly, Sample (100 W C1) shows a lowest K value of 68, which is favorable for tensile ductility; but it also shows a low strength due to the low twin density (~65% of grains are twinned). This behavior suggests that a higher K value (i.e., a high recovery rate) is common for materials with both high strength and high ductility. The optimal microstructure we observe here contains ~95% twinned grains with relatively weak {111} texture which promotes strain hardening at high stresses but also an enhanced recovery rate. How to strike a balance between strain hardening and dynamic recovery in these ultrafine-grained materials remains a subject of future computational studies.
CONCLUSIONS
In summary, we have synthesized nanotwinned ultrafine-grained Ag with different twin densities and orientations via magnetron sputtering. From the TEM and uniaxial tensile tests of the free-standing films, we find that there is a large increase in the yield strength of the films deposited at high deposition rate without any accompanying change in the TB spacing. Synchrotron XRD experiments performed on the films reveal that the texture, and thus, the TB orientations relative to the tensile axis are strongly dependent on the deposition rate as is the yield strength and tensile ductility. The films deposited at lower deposition rates exhibit more randomly oriented grains, which appear to have a lower twin density than the {111} oriented columnar grains present in the films deposited at higher deposition rates. The dependence of the strength and ductility on the films can be broken down into two different types of soft deformation modes; 1) Untwinned and 2) Nanowinned grains that are not oriented <111> along the growth direction. The former allows for easy slip compared to twinned grains, and thus decreased strength, while the latter is softer than nanotwinned grains that are oriented <111> along the growth the direction. Microstructures consisting of ultrafine-grains containing nanotwins with average twin boundary spacings of 8-12 nm dispersed in untwinned grains provide for the best combination of strength and tensile ductility. 
